Background. The association between preoperative patient characteristics and the number of major postoperative complications after a major operation is not well defined. Methods. In a retrospective, single-center cohort of 50,314 adult surgical patients, we used readily available preoperative clinical data to model the number of major postoperative complications from none to $3. We included acute kidney injury; prolonged stay (>48 hours) in an intensive care unit; need for prolonged (>48 hours) mechanical ventilation; severe sepsis; and cardiovascular, wound, and neurologic complications. Risk probability scores generated from the multinomial logistic models were used to develop an online calculator. We stratified patients based on their risk of having $3 postoperative complications. Results. Patients older than 65 years (odds ratio 1.5, 95% confidence interval, 1.4-1.6), males (odds ratio 1.2, 95% confidence interval, 1.2-1.3), patients with a greater Charlson comorbidity index (odds ratio 3.9, 95% confidence interval, 3.6-4.2), patients requiring emergency operation (odds ratio 3.5, 95% confidence interval, 3.3.-3.7), and patients admitted on a weekend (odds ratio 1.4, 95% confidence interval, 1.3-1.5) were more likely to have $3 postoperative complications than they were to have none. Patients in the medium-and high-risk categories were 3.7 and 6.3 times more likely to have $3 postoperative complications, respectively. High-risk patients were 5.8 and 4.4 times more likely to die within 30 and 90 days of admission, respectively. Conclusion. Readily available, preoperative clinical and sociodemographic factors are associated with a greater number of postoperative complications and adverse surgical outcomes. We developed an online calculator that predicts probability of developing each number of complications after a major operation. (Surgery 2016;160:463-72.) 
leading to a substantial increase in cost of care, development of chronic critical illness, and increased long-term mortality and disability. 6, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The ability to determine preoperatively the overall risk for multiple major postoperative complications could be important for clinical decisionmaking. Appropriate risk-stratification of patients prior to operation may improve patient selection and promote the timely initiation of intraoperative preventive strategies to decrease the number and severity of complications. 30 Previously reported predictive models assessing the preoperative risk for complications were often limited to specific types of operations or used statistical modeling for a single complication or complications grouped into binary categories rather than predicting the overall number of complications. 7, [30] [31] [32] [33] Developed to optimize predictive modeling when outcomes of interest have >2 categories, ordinal regression models have been underused in surgical studies, although such approaches may allow for better use of the clinical data with better predictive accuracy. 34 In a large, single-center cohort of adult patients undergoing any major inpatient operation by optimizing modeling approaches, we used readily available preoperative clinical data to develop preoperative risk scores for each number of major postoperative complications.
METHODS
Study cohort. Using the University of Florida Health Integrated Data Repository, we assembled a single-center cohort of perioperative patients by integrating multiple existing clinical and administrative databases at the University of Florida Health. We included all patients aged $18 years admitted to the hospital for >24 hours after any type of inpatient operative procedure between January 2000 and November 2010, as described previously. 14 The final cohort included 50,314 patients. The study was approved by the Institutional Review Board and Privacy Office of the University of Florida (eMethods online only version).
Covariates and outcome. The primary outcome was the exact number of postoperative complications of the 7 major complications we considered: AKI, mechanical ventilation required for >48 hours, ICU admission for >48 hours, severe sepsis, cardiovascular complications and/or the need for vasopressors for >24 hours, neurologic complications (including delirium), and wound complications (including mechanical wound complications and surgical infections). The number of complications ranged from none to $3 complications. We collapsed the last category to $3 due to a small number of patients with more than 3 complications. Postoperative AKI was defined using RIFLE (Risk, Injury, Failure, Loss, End-stage renal disease) criteria that corresponds to at least a 50% increase in serum creatinine after operation compared with a reference value, which was the minimum of the creatinine values available within 6 months of admission. For the definition of sepsis, we followed the selection criteria developed by the Agency for Healthcare Research and Quality for the patient safety indicators "Postoperative Sepsis," while severe sepsis was defined by the International Classification of Diseases, Ninth Revision, Clinical Modification, Ninth Edition (ICD-9-CM) codes for acute organ dysfunction due to the diagnosis of sepsis. [35] [36] [37] We determined the need for vasopressor therapy for >24 hours for each patient, using administration times and doses of any medication within the category of a vasopressor from the pharmacy database. 38 We defined neurologic complications (including delirium), 39 cardiovascular complications, 40, 41 and wound complications (including mechanical wound complications and surgical site infections), 40,41 using previously described criteria based on ICD-9-CM codes as detailed in Supplementary Table I (online  only version) . The exact dates were used to calculate the duration of mechanical ventilation and the length of stay in an intensive care unit. Secondary outcomes were 30-day and 90-day mortality. Patient survival status was determined using hospital discharges and the Social Security Death Index.
The covariates used to develop predictive models were clinical variables available in routine preoperative assessment, including age (grouped as $65 years or <65 years), sex, African American ethnicity, primary insurance type, Charlson comorbidity index, and type of procedure, including cardiothoracic operation, noncardiac general and vascular operation, neurologic operation, specialty operations (including orthopedic, gynecologic, head and neck, urologic, and plastic surgery), and other operations (including burn, ophthalmology, transplantation, and trauma).
Statistical analysis. The analytic plan followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) recommendations for observational cohort studies. 42 We compared 5 ordinal regression modeling approaches (eMethods, online only version) to determine the method producing the best estimate of the risk for developing a specific number of complications (from none to $3). 43 To assess discrimination of the final model, we calculated the area under the receiver operating characteristics curve (AUC) by averaging values obtained from all pairwise comparisons of the classes 44 and a confidence interval (CI) for the AUC from 100 bootstrap samples. Model fit for different approaches was compared using likelihood ratio tests and the Akaike information criterion. The multinomial logistic model, a baseline category logit model with maximal flexibility in the analysis of nominal responses, produced the best fit and was used to calculate the probabilistic risk score for each outcome category for an individual patient. The risk scores for each outcome ranged from 0 to 1 and corresponded to the probability for having that outcome given the preoperative characteristics of a patient.
Because patients with $3 complications had markedly increased mortality, we used a probabilistic risk score calculated with the multinomial logistic model for this outcome to develop 2 cutoffs that could be used to risk-stratify patients into low-, medium-, and high-risk for having $3 more major complications after operation. The cut-off points for the probabilistic risk score were determined using the maximum Youden index value and plateau of the accuracy curve ( Supplementary  Fig, online only version) . Relative risks were used to show the association between risk categories and multiple complications, 30-day mortality, and 90-day mortality. The association between the number of complications and 30-day and 90-day mortality were tested using a multivariable logistic regression model. We performed sensitivity analyses by comparing the effect of the inclusion of patients with missing values for serum creatinine. Statistical analysis was performed with SAS (version 9.3, SAS Institute, Inc, Cary, NC) and R 3.0.2.
RESULTS
Baseline characteristics and resource utilization. Among 50,314 patients in the final cohort, 41% had no postoperative complications, while 26%, 12%, and 21% had 1, 2, and $3 complications, respectively. Increasing age and number of comorbidities, male sex, and emergent operation were more likely among patients with complications. Patients undergoing cardiothoracic operation were more likely to have $3 complications, while specialty operations had the greatest proportion of patients with no complications (Table I) .
Among the 7 major complications we evaluated, postoperative AKI (39%, 19,644 out of 50,314) was the most common, followed by ICU admission >48 hours, cardiovascular complications and/or the need for vasopressors, and mechanical ventilation >48 hours (occurring in 32%, 23%, and 14% of the cohort, respectively). A majority of patients with $3 complications had some combination of prolonged ICU stay, mechanical ventilation, AKI, and cardiovascular complications, and/or the need for vasopressors. Length of hospital stay increased as the number of complications increased, ranging from 4 days among patients with no complications to 20 days among those with $3 complications (P < .001). Similarly, median length of stay in the ICU increased from 1 day in the no-complication group to 10 days among patients with $3 complications (P < .001). Patients with $3 complications had an almost 5-fold increase in median hospital cost of $70,000 compared with patients with no complications (median cost $13,000, P < .0001) and were less likely to be discharged home compared with patients with no complications (43% vs 85%, P < .0001; Table I ).
Number of postoperative complications and mortality. Overall 30-day mortality and 90-day mortality were 3.5% and 6.6%, respectively. For patients with $3 complications, the 30-day mortality increased to 12.2% and 90-day mortality to 20.4%. A majority of deaths within 30 days and 90 days of hospitalization occurred in those patients with $3 complications (72%, 1,256 out of 1,749 and 63%, 2,098 out of 3,330, respectively; Supplementary Table II, online only version). An increasing number of complications were associated with increasing 30-day and 90-day mortality for all types of major operations. Patients who experienced no complications had very low 30-day mortality regardless of type of operation, ranging from 0.3% to 1.2%. Patients with only 1 complication still had a low 30-day mortality that remained <2.2% for all types of operations. Patients with 2 postoperative complications had as much as triple the risk for 30-day mortality regardless of the type of operation. Patients with $3 postoperative complications had up to a 20-fold increase in both 30-day and 90-day mortality. Thirty-day mortality for these patients ranged from 9% to 17%, while 90-day mortality was between 16% and 25% (Supplementary Table II , online only version). In multivariable regression analysis, the adjusted odds of 30-day and 90-day mortality for patients with $3 complications were about 16 and 9 times that for patients with no postoperative complications, even after adjusting for demographic and clinical preoperative variables (Table II) .
Predictive models for number of major complications. Using the multinomial logistic model, with a discrimination AUC of 0.710 (95% CI, 0.707-0.713), we determined the strength of association between several preoperative factors and the risk (Table III) . Risk score for $3 postoperative complications. Because patients with $3 complications had markedly increased mortality, we used the probabilistic risk score calculated with the multinomial logistic model for this outcome to develop 2 cut-offs that could be used to risk-stratify patients into low, medium, and high risk for having $3 major postoperative complications. The probabilistic score of 0.2 was used to discriminate between low-and medium-risk groups, while a probabilistic score of 0.5 was used to discriminate between medium-and high-risk groups ( Supplementary  Fig, online only version and Fig 1, A) . About 60%, 33%, and 7% of all patients were distributed in low-, medium-, and high-risk categories for developing $3 complications, respectively. We observed absolute risks of having at least 3 complications as 9.1%, 33.9%, and 57.5% in low-, medium-, and high-risk categories, respectively. Compared with patients with a low-risk score, patients with medium-and high-risk scores had relative risks of 3.7 (95% CI, 3.6-3.9) and 6.3 (95% CI, 6.0-6.6) for having $3 complications (Fig 1, B) . Compared with patients with low-risk scores (Fig 1, C and D) , relative risks of 30-day and 90-day mortality were 4.5 (95% CI, 4.0-5.0) and 3.5 (95% CI, 3.3-3.8) for patients with medium-risk scores and 5.8 (95% CI, 5.0-6.7) and 4.4 (95% CI, 4.0-4.9) for patients with high-risk scores, respectively. Thirty-day and 90-day mortality increased sharply among patients with >3 complications (Fig 2, A) . The overall percentage for 30-day mortality was 1.4%, 6.3%, and 8.2% for low-, medium-, and high-risk categories, respectively, and for 90-day mortality, overall percentages were 3.2%, 11.3, and 14.3%, respectively. Percentages of 30-day and 90-day mortality for each risk category after stratification into groups based on number of complications are reported in Fig 2, B and C. Among patients with <3 complications, medium-and high-risk groups have significantly greater mortality rates than patients in the lowrisk group.
DISCUSSION
In a large, single-center cohort of patients undergoing major operation, we have developed a simple preoperative risk model that predicts the number of major postoperative complications using a multinomial logistic regression approach. Our model uses readily available clinical and sociodemographic characteristics and can be applied to any type of major surgical procedure. Using probabilistic methods, we developed 2 cut-offs that can be used to risk-stratify patients into low-, medium-, and high-risk groups for having $3 major postoperative complications. Compared with patients with a lowrisk score, patients with medium-and high-risk scores had significantly increased risks of developing multiple complications and mortality within 30 and 90 days of admission. When based on readily available demographic and clinical data, the ability to determine the overall risk for multiple postoperative complications could be important in choosing optimal treatment options for patients with different preoperative risks, thus improving the quality of peri-and postoperative care. The ability to predict which patients are at increased risk for complications will allow surgeons to better judge a patient's fitness for a particular operation and will help the anesthesiologist to tailor intraoperative care to the patient. Our results corroborate existing evidence in the literature, demonstrating the association between postoperative complications and greater duration of hospital stay, greater health care costs, and a greater risk of mortality. [5] [6] [7] [8] [9] [10] [11] 13 Patients with $3 complications had markedly increased 30-day and 90-day mortality, as high as 20-fold, compared with patients who experienced no complications. The association between the increase in mortality and the number of complications was independent of other factors, including patients' age, sex, comorbidity burden on admission, and type of surgical procedure. While multiple studies have shown that patient characteristics have an influence on the risk of developing postoperative complications, we are not aware of any previous studies that have modeled the number of complications. 30, 33, 35 Consistent with other studies, our study demonstrated that emergent operation, greater age, and greater number of comorbidities were associated with more postoperative complications. 31, 32 One study demonstrated that preoperative functional status may help identify patients at greater risk of postoperative complications. 33 A strength of our study is that we were able to use only readily available preoperative demographic and clinical variables to ensure that a risk score could be calculated easily and quickly.
The statistical approach in previous studies mostly used dichotomized outcomes by categorizing patients into those who had no postoperative complications and those with $1 complication, rather than taking the number of complications as an ordinal variable. Calculations of asymptotic relative efficiency and results of simulations showed that simple logistic regression applied to dichotomized responses have decreased efficiency compared with ordinal regression models. 45 In addition, dichotomization can be arbitrary, especially when there are many ordered categories. 46 Instead of dichotomizing the outcome, we modeled the number of postoperative complications using several ordinal models, with multinomial logistic regression performing the best. By using a multinomial logistic regression, the model can be fit using any standard program, and the results can be interpreted easily. The multinomial model is appropriate when the effect of each predictor is different at every level of the outcome variable. Odds ratios in this study differed greatly across outcome levels for variables such as age and type of operation. This study does have some limitations. Due to the retrospective character of the study design, selection bias may be present. Our large sample size, however, minimizes the effect of any selection bias. Although we attempted to control for selection bias with multivariable statistical methods, we cannot exclude bias due to unmeasured factors, including intraoperative variables that may influence the number of complications. In addition, our data were taken from an administrative database, which presents the possibility for errors in reporting or coding for diagnoses, procedures, and cost-related measures. Previous analysis of this database has indicated that these errors would be minimal. The discrimination AUC of 0.71 for the strength of association between several preoperative factors and the risk for each outcome category was only fair, but the model was built on a small set of readily available variables for simplicity and accessibility. We have developed an online calculator to determine the probability for developing 0, 1, 2, or $3 complications and have made it accessible at http://www.prisma-p.org. Some of the definitions of the outcomes were arbitrary, particularly ICU stay >48 hours and length of mechanical ventilation >48 hours. In this study, the median ICU stay for patients with no complications was 1 day, which provides some justification for this choice. For many complicated procedures, such as open cardiac valve operation, liver transplantation, and open aortic operation, an ICU stay of >48 hours would not be considered a complication. While changing the definitions of the outcomes might change some of the odds ratios, it would not invalidate the use of the model.
In conclusion, this study showed that a selection of readily available demographic and clinical variables are associated strongly with several important postoperative outcomes, and we developed a single scoring system using multinomial logistic regression and a set of these variables, which can be used in clinical practice to riskstratify patients. Given the association between a greater number of postoperative complications and increased adverse outcomes and costs, there is a critical need for strategies to better identify preoperatively those patients at risk for postoperative complications. We have developed an online calculator that calculates the risk for each number of complications after major operation. In describing this technique, we hope to provide a method for clinicians to stratify better patients preoperatively for operative procedures and to help clinicians to institute preventive measures early to decrease the number of complications and to improve outcomes. 
